Plant physiology as a whole, of course, has developed enormously in 50 years, and most of its journals have been born in that time. But perhaps the growth has been greater in the hormone field than in any other because the 50 years have seen not only the growth of knowledge but a change in outlook. The enthusiasm with which people have flung themselves into the field, after a long lag in the early years, is like that with which people crowded into the field of DNA and molecular genetics, and perhaps the reasons are much the same, viz. that in both fields we are dealing with the control system. When we can manipulate the controls we feel we are close to the heart of the organism's secrets. Also, applications are often rather direct.
showed the same thing in more detail for geotropism.
Dolk also found that in geotropism the growth substance can be distributed asymmetrically in basal segments, whereas in phototropism this distribution (except for the far less sensitive "second positive" curvature) is limited to the tip. This was the position in the earliest years of our Society. Auxin was identified and its growth-promoting function clearly envisaged, though its chemistry remained unknown. All this work was done in Europe. One spoke of "the" growth substance, although in 1926 work was already beginning which would show this was not true, for Kurosawa in Taiwan was showing that the medium in which the fungus Gibberella had grown could cause the abnormal tallness in rice found in the Bakanae disease, and later shown to be caused by gibberellins.
But at the time, the gibberellin idea concerned only a fungal product.
EXPLOSION IN AUXINOLOGY
From about 1932 the pace began to accelerate. America entered the scene. In the auxin field the transport, the chemistry, and the concept of multiple actions all developed in the years before the war. Van der Weij (1932 Weij ( , 1934 made his classical studies showing that auxin is transported polarly from apex to base, and Johannes van Overbeek, Dijkman, and others extended this to dicotyledons. Phototropism, too, was shown by van Overbeek to have the same auxinic basis in dicotyledon seedlings as in oats. The polar transport explained the long known phenomenon of polarity in morphogenesis. Very recently the transport of other growth hormones, though much less active than that of auxin, has been found to be distinctly polar. Incidentally, the idea that tropisms are a result of lateral transport of auxin was disputed vigorously in the 1950's as a result of inadequate methods, and only by the use of carefully purified "4C-labeled indoleacetic acid at physiological concentrations was the original concept re-established.
The chemistry had an unfortunate start, for the substances claimed as auxins in human urine and named auxins a and b, cyclopentene derivatives, turned out later not to exist. This strange and tragic episode confused the field for many years. The true auxin, indole-3-acetic acid, was first isolated from urine, from yeast, and from the fungus Rhizopus suinus (in 1934, 1935) and only much later (1946) was shown to be present in higher plants. It (1934) that this was in fact auxin, and that it was brought to the base of the plant by its known polar transport. Almost simultaneously, auxin was shown to inhibit the elongation of lateral buds and thus to act as a form-controlling factor in the whole plant. Although it initiated roots on the stem, it was shown to inhibit their elongation, and this clinched the validity of the Cholodny-Went theory of tropisms, for the opposite geotropisms of roots and shoots required this. Also, auxin was found to initiate and promote cell division in the cambium. and although this was complicated much later, by gibberellin's activity in the cambium, the activity of auxin in thus promoting cell division led directly, and indeed very quickly (1937) , to the development of plant tissue cultures. Such cultures had been tried before but the cells only divided weakly and then died; the addition of auxin to the medium was the touchstone of success. There was another curious diversion here when cell division in the interior of bean pods was at one time thought to be controlled by an aliphatic acid, traumatic acid (so called because of being presumably formed in wounds); this problem could stand reopening. Auxin was found also (1938) to prevent the abscission of leaves, and this with the decrease in auxin production by aging leaves gave another aspect to the concept of auxin as a form-controlling factor in the whole plant. A striking development was Felix Gustafson's finding (1934, 1936) Ethylene. The concept that a gas could function as a hormone came long after some of the effects of ethylene were known. That ethylene inhibits growth and geotropism was discovered in 1901, that it is the agent in smoke which hastens fruit ripening was shown by Denny in 1924, and that it is also the agent for leaf abscission, by Wallace in 1926. That it is actually produced by fruits was finally proven by Gane's direct isolation in 1934, the same year that we isolated IAA from Rhizopus. Also in the same year, it was considered as the cause of the climacteric in the respiration of ripening apples. It is now clear that it is produced by all fruits at the time of climacteric (Burg, 1962 Looking at the physiological field as a whole, the most fruitful generalization from the last few years is that it is interaction and balance between multiple hormones, rather than the action of single substances, which controls normal growth and development. Each exogenous hormone acts in the presence of endogenous amounts of the others. This is not an easy thought to bear in mind in planning experiments.
MODES OF ACTION
I come finally to the modes of action of the hormones. In the case of auxin this has been under study for about 40 years. We can take comfort from the thought that the hormones of mammals, which attract far more workers, have been almost equally elusive in this respect. However, the recent recognition of their receptor molecules has triggered an upsurge of activity in that field.
Briefly, the historical development for auxin has been as follows. There have been three main approaches. Between 1931 and 1934 both Heyn in Holland and Soding in Germany measured the reversible (elastic) and irreversible (plastic) extensibility of the cell wall under applied tensions and showed that changes in the latter property paralleled auxin action. Decapitation of the Avena coleoptile caused a large decrease in wail plasticity which was followed by an increase when regeneration of the tip supplied new auxin and accelerated the growth. Direct application of an auxin preparation greatly increased the irreversible extensibility. Sbding also found similar results, though with considerably less correlation between the auxin and the plasticity, in dicotyledonous flower stalks. It was deduced that the action of auxin on elongation is exerted by modifying the properties of the cell wall. Ruge in 1937 claimed that the site of the modification lay in the middle lamella rather than in the wall proper. These problems have been taken up again in the late 1960's by Masuda and by Cleland (see below).
A second approach rested on the finding (1936) (1937) (1938) (1939) (1940) (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) ) that elongation was not induced by auxin in nitrogen or in the presence of cyanide, several sulfhydryl reagents, or dinitrophenol. This led to the view that auxin produced growth via an effect on oxidation, or more specifically on oxidative phosphorylation. Studies on ATP as a function of growth were subsequently made, especially by Erasmo Marre in Italy, and evidence for this concept has very recently been again put forward in Canada. But there is always the possibility that oxidative phosphorylation may be a requirement for visible function but not the prime locus of action.
A third major approach (several minor ones which have not proved fruitful will be omitted here) was based on the discovery both in my laboratory and in that of Key (1962 Key ( -1966 that growth is inhibited by those antibiotics which interfere with the formation and function of RNA, and by some analogs of purines and amino acids. The deduction was made that auxin controls some step in enzyme synthesis, and this was in line with numerous earlier observations that there were increases in the activities of a number of enzymes following auxin treatment. More importantly, it fitted well with the earlier (1936) concept that auxin operates some "master reaction," as a result of which the numerous observed auxin-induced processes follow. However, very short term growth measurements with improved modern equipment, as well as early (1937) observations on auxin-induced acceleration of cyclosis, all show that the first effects of auxin can be observed within 2 to 5 min, whereas RNA-controlled synthesis of enzymes at the ribosomes is generally thought to occupy at least 20 min.
More recently, a very early observation has led to a modification of the first approach. As long ago as 1932 Strugger found that several acids, applied asymmetrically to hypocotyls, cause curvature (therefore growth), and deduced that physical, pH-dependent processes in the cytoplasm control growth rate. Both Bonner in the United States (1934) and van Santen in Holland (1940) ascribed this "acid growth" to the liberation of auxin from an inactive form; van Santen indeed showed that so long as a growth response to acid could occur, residual auxin was still present in the tissue. But the rapid growth effects mentioned above have elicited a different approach, viz. the theory that auxin operates by liberating acid, i.e. H+ ions, and these bring the cytoplasmic pH to a value where an existing, critical wall-forming enzyme is activated. Auxin does indeed lead to H+ excretion into the growth medium and this occurs rapidly. Fusicoccin, which seems not to be a normal auxin but causes vigorous elongation, does the same thing (Marre, 1973) . This idea at first had the advantage that de novo enzyme synthesis is not envisaged, but now it is beginning to appear that antibiotics do prevent the effect. A major disadvantage is that this theory would not account for the many actions of auxin other than on elongation; there is, for instance, no particular evidence that root formation, bud inhibition, or cambial cell division can be activated by small decreases in pH. Also there is an old observation to the effect that, when acid-induced growth has come to a standstill, applied auxin can cause renewed growth acceleration.
These several proposals, all of which have arguments for and against, raise the interesting possibility that auxin may exert two actions, an immediate one on a membrane or organelle and a longer term one on the nucleus or a nuclear product. Both would have to require the same molecular structure, though perhaps with minor differences; time will tell.
There is little or no evidence on the mode of action of gibberellin, and it is notable that it decreases the plastic extensibility of the coleoptile cell wall. As to cytokinins, Skoog and Leonard's discovery of their presence in some tRNAs, and even that they are located close to the codon, as well as the known presence in tRNAs of small amounts of other alkylsubstituted bases, make an obvious inference as to the mode of action, though the subject is stiil controversial. On the other hand, Yamamoto's very recent discovery that kinetin potentiates the effect of phytochrome (Pfr) in activating NAD kinase opens an entirely different realm of possibilities, and can lead to interesting speculations. I am afraid there will have to be some more theories before a definitive mode of action for any plant hormone is found.
